Dealloyed nanoporous gold (NPG) is a relatively new class of materials with potential applications in a wide range of fields, especially in electrochemistry. This review describes recent progress in the use of NPG electrodes for applications in bioelectrochemistry.
Introduction
Dealloyed nanoporous gold (NPG) is a porous material containing three dimensional frameworks of bicontinuous pores and ligaments, that is prepared by electro-/chemically dissolving the less 25 noble component from Au alloys ( Figure 1 and Figure 2A ) [1] . For such materials to act as a support for enzymes, it is essential that the pore diameter sufficiently large to accommodate the enzyme and to enable effective transport of substrate to the enzyme. The pore sizes of NPG can be tailored in the range from ~5 to 700 nm [2] by tuning the composition of the alloy and the dealloying conditions [3] . NPG possesses advantages such as high surface-to-volume ratio, good 30 electrical conductivity, chemical stability, biocompatibility and permeability [3] . NPG has been the subject of much attention for a range of applications including catalysis [4] [5] [6] , optical sensing [7, 8] and analysis [9] . NPG electrodes have been used in the development of immunosensors [10] [11] [12] , DNA sensors [13, 14] , enzymatic biosensors [15, 16] and as enzyme-free sensors [17] [18] [19] . 35 In this mini-review, we describe the use of dealloyed NPG for bioelectrochemical applications in biosensors and enzymatic biofuel cells. The review focuses on NPG fabricated via dealloying methods, rather than porous gold electrodes obtained with other methods (template methods etc.).
Dealloyed NPG fabrication and characterization

Fabrication
Corrosion processing of alloys with preferential removal of the less noble component (i.e. dealloying), originally known as "depletion gilding", was established by the Indians of pre-Columbian Central America in order to create a layer of pure gold by etching copper from 5
Cu/Au alloys [20] . Forty and Pickering showed that dealloying of a binary alloy resulted in a "spongy" morphology [20, 21] . In 2001, Erlebacher et al. demonstrated that the formation of pores was due to an intrinsic dynamic formation process [22, 23] . In the fabrication of NPG from
Ag/Au alloys, Ag atoms are dissolved under corrosive conditions such as concentrated nitric acid.
At the solid/electrolyte interface, Au atoms aggregate into clusters and form islands rather than 10 spreading over the surface, allowing the formation of pores. Subsequently, newly formed pores open up regions of virgin alloy for further etching of Ag, allowing the dealloying process to continue ( Figure 2A ).
According to the morphology of the precursor, dealloyed NPG can form nanoparticles [24] , 15 nanowires [25, 26] , microwires [18] and films [3] . for further use ( Figure 2B and C). NPG leaves mounted on GCE have been widely adopted for a 20 range of electrochemical sensing applications [13, 17] . However, the electrodes are brittle and can become detached from the GCE over time [27] . A mechanically robust NPG can be prepared by sputtering a Ag/Au alloy onto a glass support with subsequent dealloying of Ag, which greatly facilitates their ease of use [27] . The multilayered system was comprised of a glass support, a ~10 nm thick Ti adhesion layer, a thin Au substrate layer (~35 nm) that improves adhesion and 25 prevents delamination of the Ag/Au alloy layer during dealloying, and a ~100 nm thick Ag 67 Au 33 alloy layer ( Figure 2D ). Magnetron sputtering enables various substrates (either conductive or non-conductive), variable alloy composition and pre-patterned deposition layers to be used. NPG can also be fabricated through reconstruction of Au electrode surfaces by applying alternative potential scans in a solution containing ZnCl 2 in solvents such as benzyl alcohol [28] , dimethyl 30 sulfoxide [29] and in ionic liquids [30, 31] . Zinc was first electrodeposited on Au to form a Zn/Au alloy at an elevated temperature during cathodic scanning. In the subsequent anodic potential scan, Zn was removed from the alloy, resulting in NPG ( Figure 2E ).
Characterization 35
The morphology (pore/ligament structure) and roughness of NPG are critical parameters for their successful utilisation. Microscopy techniques such as scanning or transmission electron microcopy (SEM/TEM) and atomic force microscopy (AFM) can be used to examine the morphology of NPG (Figure 1 ). For NPG with uniform pore-size-distribution and bicontinuous structures, the characteristic length scales (i.e. gold ligament width and pore channel diameter) 40 can be determined by rotationally averaging the fast Fourier transform (FFT) power spectrum of a micrograph obtained by SEM or TEM [32] . TEM is particularly useful in characterizing surface modification of NPG (e.g. with nanoparticles or thin films) [33] [34] [35] . For example, modification of NPG by MnO 2 particles, thin films of tungsten sulfide, silica and conducting polymer can be clearly distinguished by TEM ( Figure 3 ). The immobilisation of bovine serum albumin (BSA) and immunoglobulin G (IgG) on NPG has been examined using AFM [36] , with individual features of proteins observed on the surface of the support. Electrochemical techniques, such as cyclic voltammetry (CV), are primarily applied to measure the electroactive surface areas (Figure 4 ). During potential cycling of NPG in sulfuric acid solution, anodic peaks 5 between 1.1-1.4 V (vs. SCE) and a well-defined cathodic peak at ~0.9 V are obtained by oxidation and reduction of the outermost layer of gold atoms. The roughness factor R f , can then be calculated, assuming that a specific charge of 390 µC cm -2 is required for gold oxide reduction [37] . The measurement of the capacitance of the double-layer can also be used to determine the surface area [27] . Spectroscopic methods such as energy dispersive X-ray (EDX) spectroscopy 10 and X-ray photoelectron spectroscopy (XPS) have been used to analyse the chemical composition the electrodes. XPS is useful for the analysis of NPG functionalized with biomolecules at relatively low concentrations [38, 39] .
Properties of dealloyed NPG for bioelectrochemical applications 15
Porous gold electrodes can be fabricated using various routes that range from the hard template route [40] [41] [42] [43] , dynamic hydrogen bubble template method [44] , to the anodization of gold electrodes [45] etc. The preparation of template-directed macroporous gold electrodes has been reviewed [46, 47] . Generally, hard template routes involve several steps: assembly of monodisperse spheres (e.g. polystyrene or silica with diameters ranging from 100 nm to 2 µm), 20 electrodeposition of the metal and subsequent removal of the hard template ( Figure 5A ) [40] .
This approach allows precise control the pore diameter and thickness of the porous structure, which are important parameters for bioelectrochemical applications [40, 48] . In the dynamic hydrogen bubble process, the hydrogen bubbles arising from the electrochemical reduction of H + act as templates for Au electrodeposition ( Figure 5B ) [44] . Anodization of Au takes place in an 25
oxalate containing solution at a high potential ( Figure 5C ) [45] , with the nanopores generated by the formation of a carbonaceous passivation film and its subsequent breakdown. Each route results in a porous gold material with specific morphology ( Figure 5 and Table 1 ).
NPG obtained via dealloying methods possess a number of interesting features for applications 30 in bioelectrochemistry. Four main points are summarized below:
Firstly, enzymes confined within NPG display higher stability on exposure to high temperatures [49, 50] and organic solvents [38] due to the nanopore providing a protective environment to the enzyme. After incubation at 50 °C for 2 h, only 6% of the initial activity of free laccase remained 35 in comparison to 60% for laccase immobilised on NPG [49] . The activity of xylanase immobilised on NPG was assayed at 50 °C and exhibited only a 25% loss after 10 cycles [39] .
After incubation for 30 minutes at 50, 60 and 70°C, 62, 59 and 54% of the initial activity was observed for free lipase, compared with 75, 74, and 76%, respectively, for lipase adsorbed on NPG ( Figure 6A ) [38] . After treatment with ethyl acetate (log P of 0.68), 27% of the initial 40 activity of free lipase remained, while 81% activity was observed for the lipase-NPG biocomposite [38] . On exposure to chloroform (log P of 2.0) free and immobilised lipase retained 42 and 85% of the initial activity, respectively. After 20 cycles of treatment, the lipase-NPG biocomposite retained 33 and 38% of activity in ethyl acetate and chloroform, respectively.
Secondly, the high content of low index crystalline faces [51] on the surface of NPG ( Figure 1G , Thirdly, thiol self-assembled monolayers (SAMs) are more stable on NPG than on planar Au electrodes [56, 57] , as the monolayers benefit from the presence of defective sites, lattice strain 10 and residual Ag on the ligament surface. In alkaline media, the peak potential for SAM desorption from dealloyed NPG occurred at a more negative potential (-1.15 V vs. SCE) versus that observed at planar gold (-0.74 V) [56] , indicative of a stronger Au-S bond.
Fourthly, NPG can exclude large proteins from accessing the internal pores, reducing the effects 15 of biofouling [58, 59] . In the presence of 2 mg mL -1 of BSA [58] , the time for the initial electrochemical response of [Fe(CN) 6 ] 3-to decrease by 50% was 3 min on planar gold, 12 min on macroporous gold (1200 nm pore network, obtained via hard templating of latex spheres), and 38 min on hierarchical gold (1200/60 nm bimodal pore network). In contrast, at dealloyed NPG (~5-50 nm pore, R f of 15), the current decreased by ca. 12% after 60 mi, indicative of a 20 significant resistance to fouling. On exposure to a solution of fibrinogen (1 mg mL -1 ) for two hours [60] , the faradaic peak associated with the oxidation of ascorbic acid disappeared at planar gold electrodes but remained at NPG. Collectively, the voltammetric response to [Fe(CN) 6 ] 3-and ascorbic acid, displaying fast and slow ET kinetics, respectively, was sensitive to surface contamination at planar gold but was significantly less affected at NPG. 25
Glucose biosensors
Enzyme based glucose biosensors
The first glucose biosensor utilised glucose oxidase (GOx) immobilised on a platinum electrode [61] . The majority of commercially available glucose biosensors utilise GOx due to its relatively 30 low price, high selectivity and stability [62, 63] . GOx is a flavoprotein that catalyses the oxidation of β-D-glucose to D-glucono-δ-lactone, which is then hydrolyzed to gluconic acid [64] .
The redox active group in GOx, flavine adenine dinucucleotide (FAD), is concomitantly reduced to FADH 2 . GOx(FAD) can be regenerated using molecular oxygen, electron mediators or directly at the electrode surface. Electron transfer (ET) can occur via mediated (MET) or direct ET 35 (DET). The latter process has the advantages that it avoids possible leakage and diffusional limitations associated with the use of mediators. However, the redox active centers of GOx are deeply buried with a minimal distance of 13-18 Å between the periphery of GOx and the N7 nitrogen of the isoalloxazine rings of FAD [65] . Achieving DET of GOx (third-generation glucose biosensors [63] ) has been hampered by requirements including optimization of enzyme 40 orientation and minimization of the distance between the active center of the enzyme and the surface of the electrode .
When oxygen is used as a mediator, hydrogen peroxide generated in the process can be detected In the presence of excess levels of mediator, the sensitivity of a sensor is determined by the amount of accessible immobilised enzymes [69] . Entrapment is one way to increase enzyme loading. One-step electropolymerization of a hybrid film of poly (3,4-ethylenedioxythiophene) (PEDOT) and GOx on nanoporous gold (NPG) has been described ( Figure 6C) but not on a planar gold electrode [58] . Glucose biosensors should be capable of operating in whole blood samples [82] . To date, NPG based biosensors are mostly tested in 10-100 fold diluted serum [12, 70, 83, 84] . .
Nonenzymatic glucose biosensors 30
The development of numerous nonenzymatic glucose sensors, based on direct electrooxidation of glucose, has been described [85] . NPG is promising as it can promote the relatively sluggish kinetics of glucose oxidation and its high specific surface area is less prone to interference from ascorbic acid and uric acid. Au-OH ads layers, formed by adsorption of OH -on gold electrodes in a neutral or alkaline solution act as "pre-oxidation precursors" and are active in the oxidation of 35 glucose at low potentials [86] . The reaction pathways are shown in equations (1) to (4) 
The presence of residual amounts of Ag on NPG significantly enhances the electrooxidation of glucose in alkaline solutions, as Ag promotes the chemisorption of OH -at active Au atoms [52] .
In 0.1 M NaOH, planar gold displayed an onset potential of -0.6 V (vs. SCE) for glucose 5 oxidation, while -0.9 V (vs. SCE) for NPG with 12 nm pores [88] . 
15
By decorating NPG wires with cobalt oxide, the resultant nonenzymatic glucose biosensor had a high sensitivity (2500 µA cm -2 mM -1 ) and a low detection limit of 5 nM [18] . In both metal oxide modification cases (NPG/CuO and NPG/Co 3 O 4 ), however, no response to glucose was observed at neutral pH. Thus dilution of serum samples in alkaline media is generally required [90] .
Although there have been a wide range of publications on the use of transition metal oxides as 20 the basis for nonenzymatic glucose sensors, their applications for the determination of glucose concentration are limited due to their lack of specificity and the need to operate in alkaline media.
Direct oxidation of glucose with inorganic catalysts, coupled with a Pt based cathode for oxygen reduction, are more applicable in alkaline glucose fuel cells or enzyme-free (abiotic) glucose fuel cells [91, 92] . 25
Bioelectrochemical applications of NPG
Heme-proteins
Cytochrome c (cyt c) is a model protein that can undergo DET at SAM modified. The topography of gold electrodes were shown to play an important role in the adsorption and 30 electrochemical response of cyt c [93] . Various substrates with different surface roughness including evaporated, bulk, single crystal, and epitaxially grown gold on mica were studied. On a Au electrode with smoother surface, SAMs exhibited an increased ability to block a diffusing probe molecule, implying a lower level of defectiveness. Moreover, the extent of adsorption and the electrochemical response of the adsorbed cyt c decreased significantly on smooth substrates.
35
Thus, rough gold surfaces, resulting in SAMs with a high degree of defects, were more suitable for the optimal faradaic response [93] . Well-defined, nearly symmetric voltammograms (peak separation ΔE p of 18±1 mV) were obtained by covalently attaching cyt c on NPG modified with a mixed SAM [27] . The surface coverage of active cyt c on a NPG electrode (R f of 28) was ~11 times higher than that achieved at a planar Au surface. The adsorbed proteins were stable and no 40 decreases in the voltammetric response with continuous potential cycling (30 scans) in aqueous buffer were observed.
Multi-copper oxidases
Multi-copper oxidases (MCOs, e.g. laccase and bilirubin oxidase (BOD)) modified electrodes have been extensively employed as cathodes of enzymatic biofuel cells (BFC) [94] , which are of significant interest due to their potential applications as autonomous power suppliers [95, 96] .
Generally, MCOs contain four copper atoms: the T1 copper site acts as an electron acceptor 5 while O 2 is reduced to H 2 O at the T2/T3 copper sites [97] . NPG based BFCs have been constructed based on GOx or CDH at the anodes and laccase or BOD at the cathode [57, 74, 75] .
The electrodes displayed improved power densities and stabilities in comparison to planar electrodes. For example, glucose/O 2 BFCs operating via mediated ET at a GOx anode and BOD cathode, displayed maximum power densities of 35 vs. 11 µW cm -2 in 100 mM glucose at 10 osmium polymer-modified nanoporous and planar gold (Figure 7 ), respectively [74] . Using GOx and laccase with Os redox polymers [98] , maximum power densities of 17 and 38 µW cm -2 were obtained on planar gold and 2½ sphere gold macroporous electrodes, respectively.
Trametes hirsute laccase (ThLc) showed well-defined DET at unmodified NPG electrodes, in 15 contrast to the absence of a response at unmodified polycrystalline gold electrodes [99] . [100]. 30
Previous reports have described DET of BOD on bare or negatively charged SAMs modified single-crystal electrodes [101] and three-dimensional AuNP electrodes [102] . BOD was physically embedded into bare NPG and the resulted electrodes displayed bioelectrocatalytic reduction of molecular oxygen, undergoing efficient DET (Figure 8 ) [76] . However, BOD was 35 relatively loosely bound and easily removed from the surface of the electrode as only 50% of potential scan was retained in second scan. On coating the electrode with an epoxy film by creating covalent bonds with nucleophilic groups such as amine, thiol and hydroxyl groups on the surface of the enzyme, current densities were stable on repeated potential scans. As a result, a minimal inhibition of F -with ca. 3.5% activity loss was achieved on a biocathode stabilized with 40 epoxy, indicating the exclusion of F -from the pores by the polymer and also the confinement of the enzyme in the pores of the electrode in a manner which precludes binding of F -to the T2/T3 site.
Conclusions and prospects
Nanoporous gold has emerged as a promising support for the immobilisation of enzymes for (reprinted with permission from [38] ), covalent bonding in the assistance of SAM (B) (reprinted with permission from [69] ) and entrapment within conducting polymers (C) (reprinted with permission from [33] ). Reproduced from [76] with permission.
